Brittle materials are difficult to mechanically micro machine due to damage resulting from material removal by brittle fracture, cutting force-induced tool deflection or breakage and tool wear. This paper demonstrates the feasibility of micro machining glass materials with polycrystalline diamond (PCD) micro tools that are prepared in a variety of shapes using non-contact micro electro discharge machining. The PCD tools contain randomly distributed sharp protrusions of diamond with dimensions around 1 µm that serve as cutting edges for micro machining grooves in soda-lime glass and pockets in ultra-low expansion glass. Results indicate that smooth surfaces are obtained with process conditions allowing material removal by ductile regime cutting instead of brittle fractures, and the PCD tools show very little wear. With further improvements in material removal rate, micro machining with PCD tools is a promising approach for producing micro molds and micro fluidic devices in glass materials.
D and 3D microstructures, but fragile tools usually restrict its application to lower strength, ductile materials such as nickel and aluminum. Consequently, brittle glasses, ceramics and hard metals are usually micro machined by other non-contact techniques such as lasers or micro electro discharge machining (µEDM) [2] . Furthermore, with the exception of lasers, micro machining processes generally suffer from tool wear, which degrades form accuracy if removing relatively large volumes of material.
Micro tools made of polycrystalline diamond (PCD) offer new promise for micro machining hard and brittle materials. PCD consists of micrometer-sized diamond grains sintered under high temperature and pressure with metallic cobalt. The cobalt fills the interstices between the diamond particles and forms an electrically conductive network adequate for electro discharge machining [3, 4] . After shaping, the surface of a PCD tool contains protruding diamond grains that are randomly distributed, which act as hard and tough cutting edges for micro machining. Wada et al [5] recently shaped PCD into tools with µEDM and demonstrated their effectiveness in machining tungsten carbide, electroless plated nickel and silicon.
This paper demonstrates that PCD tools shaped by µEDM are also effective for micro machining brittle glass materials. This is significant since glasses are commonly used in tooling for micro molds, micro fluidics, lab-on-chip devices and bio-MEMS devices. Micromachining does not require a mask, enabling short lead-times for prototype devices. These important applications justify effort to advance micro machining with PCD tools.
Prior to using PCD tools for micromachining, the tools are first prepared (shaped) with a three-step process consisting of wire EDM, wire electro discharge grinding (WEDG) [6, 7] and µEDM with a polished flat surface. This process enables a wide variety of tool geometries that can be used for drilling and milling operations. Furthermore, the surface roughness of the tool is controllable with adjustments in the capacitance and voltage during µEDM, which suggests that the tools can be optimized for material removal rates and surface finish.
In this paper, we present results from using the PCD micro tools in two sets of machining experiments with glass workpieces. In the first experiment, grooves were machined in soda-lime glass. In the second experiment, pockets were machined in ultra-low expansion (ULE) glass. The machined features were inspected with scanning electron microscopy (SEM) and measured with scanning white light interferometry (SWLI). Small depths of cut are used when machining the glass so that material is removed in a ductile mode [8, 9] , as confirmed by SEM micrographs where the machined surface exhibits tool marks from the rotating PCD grains. Results from an additional study show that the PCD tools wear at a very low rate.
Shaping PCD tools with EDM
At present, PCD micro tools, which resemble miniature endmills, are not widely available. Therefore, a brief description is given of the steps necessary to prepare high quality micro tools using a series of electro discharge operations. The PCD tools are prepared from tungsten carbide wafers with over 1 mm of PCD (Sumitomo Electric DA 200) that are cut into cylindrical blanks by wire electro discharge machining (wire EDM). The diamond grains, which average 0.5 µm in size, are sintered with metallic cobalt under high temperature and pressure. Figure 1 shows an SEM micrograph of the end of a ∅ 1 mm × 12 mm cylindrical blank, and the transition from tungsten carbide to PCD is evident at the junction between light and dark gray. After wire EDM, the surface of the cylindrical PCD blank is rough, consisting of aggregated clusters of material as shown in the inset of figure 1.
The cylindrical PCD blanks are further shaped into tools with one or more operations on a commercial µEDM machine (Panasonic MG-ED82W). For our experiments, the shape of the tool is first rough-cut by wire electro discharge grinding (WEDG) [6, 7] . WEDG, illustrated in figure 2(a), is similar to turning on a lathe except that material is removed by erosion with electrical discharges. A resistor-capacitor circuit generates pulses that produce electrical discharges between the PCD workpiece and a ∅ 100 µm brass sacrificial wire. Discharges between the tool and workpiece cross a small gap (<2 µm) filled with dielectric oil. The workpiece is held vertically in a mandrel that rotates at 3000 RPM, and its position is slowly fed in the z-direction. The brass wire is supported on a guide, and its position is controlled in the plane perpendicular to the axis of the PCD tool. Each electrical discharge erodes material from the workpiece and the sacrificial wire. To prevent discharges from worn regions of the sacrificial wire, the wire travels around a reel and take-up system at 340 µm s −1 . The geometric accuracy of the PCD tool is further improved by dressing with a second µEDM process that uses a polished block as the sacrificial electrode; this technique is similar to that described by Ravi et al [10, 11] . Figure 2 (b) illustrates how a conical shaped tool is dressed with an inclined sacrificial electrode. The angle of the block θ is adjusted with a manual rotation stage that is not shown in the diagram. Accurate cone angles are achieved by iteratively dressing the PCD tool, measuring the cone's angle with an optical microscope, and adjusting the inclination angle.
Micro tools intended for drilling holes require a means of removing particles. For this purpose, we produce tools similar to those reported by Egashira and Mizutani [12] , in which half the shank is removed in a second WEDG operation conducted without rotating the PCD tool. Higher magnifications in the inset of figures 3(a) and (b) show the protruding nature of the diamond grains after shaping the tool by WEDG or µEDM. Energy dispersive spectroscopy (EDS) was conducted on a shaped PCD micro tool to determine whether the relative percentage of carbon and cobalt differed between the protruding peaks and valleys. As shown in table 1, the surface at the protruding peaks contains about 20% less cobalt compared to the surface in the valleys. Tungsten was also present on the tool surface, which originates from a tungsten carbide sacrificial electrode used while shaping the micro tools as shown in figure 2(b) .
The surface roughness and material removal rate of a micro machining process will depend upon the roughness of the tool's cutting surfaces, as generated by the EDM shaping process. Therefore, four tools were prepared with different CV 2 . After WEDG, the 3D surface of the four tools was measured over an area of about 288 µm × 216 µm with a commercial SWLI (Zygo NewView 5000). The results from three of the four PCD tools are shown in figure 4 . The smoothest tool was produced by the lowest discharge energy, and the roughness increased as the discharge energy increased. As shown in table 2, the average roughness (R a ) ranged between 60 and 780 nm while the peak-to-valley surface heights ranged between 2.10 and 8.28 µm. Figure 6 . Groove cut in soda-lime glass using conical PCD tool: (a) view of the groove from above shows no fractures at the rim of the groove and (b) magnified view at the end of a groove exhibits evidence of ductile-regime cutting.
Cutting with PCD tools
The PCD tools shaped by the procedure described in the preceding section were used to micro machine grooves in soda-lime glass and pockets in ultra-low expansion (ULE) glass (Corning 7972).
The cutting experiments were conducted on the three-axis µEDM machine with an additional nanopositioning stage (Polytec PI Nanocube) to allow fine adjustments in the depth of cut with resolution around 1 nm. The micro tools rotate at 3000 RPM, and the feed rate was 1 µm s −1 during workpiece touchoff. All results presented in this paper were achieved with rough tools shaped with C = 3300 pF and V = 110 V. Grooves and pockets were micro machined with tool trajectories similar to that illustrated in figure 5 . For the soda-lime glass, the trajectory produced 50 µm deep grooves that were about 2 mm in length. For the ULE glass, the trajectory produced 5 µm deep pockets that were 500 µm in length. 
Grooves in soda-lime glass
Initial experiments in cutting soda-lime glass were conducted by submerging the tool and workpiece in lubricant (BP 200 dielectric oil). Observation of the PCD tools after machining showed that glass particles aggregated on the surface of the PCD tool. The impact of the glass clusters with the workpiece surface produced significant fracturing. A second series of micromachining tests was run with a small pump circulating the lubricant through the cutting region at a flow rate of about 600 mm 3 s −1 . With appropriate depths of cut set around 100 nm and feed rates around 1 µm s −1 , there were no visible signs of brittle fractures on the grooves. Figure 6 (a) shows an SEM micrograph of a typical groove machined with lubricant in soda-lime glass using a conical PCD tool. No brittle fractures are observed around the rim of the groove, and only minor blemishes are observed along the surfaces of the grooves. Figure 6 (b) shows a higher magnification micrograph at the end of the groove, which clearly demonstrates that the material is cut in ductile mode. The grains of the PCD tool left cutting marks that correspond to the rotation of the cutting tool. This suggests that the roughness of the machined surfaces might be improved by using smoother PCD tools produced with lower discharge energy, but this has not yet been investigated. Figure 7 shows a cylindrical PCD tool shaped to a diameter of 50 µm and length of 80 µm. The tool was used to cut ten pockets in a ULE glass surface. Each pocket was nominally 50 µm wide, 500 µm long and 5 µm deep, so that about 1.3 × 10 5 µm 3 of material was removed in each pocket. The tool trajectory was similar to that shown in figure 5 , with the depth of cut set to h = 100 nm. The feed rate for the first pocket was 1 µm s −1 , and it was incremented by 1 µm s −1 for each successive pocket.
Pockets in ultra-low expansion glass
Brittle fracture was evident along the edges of some pockets, while other pockets cut with similar conditions exhibited few or no brittle fractures. We suspect that the brittle fractures result from exceeding the critical depth of cut for ductile-mode cutting when the cutting forces press against the nanopositioning stage. Figure 8 shows a successful pocket without any brittle fractures. A few defects are evident along one edge of the pocket shown in figure 8, but these were not brittle fractures. Higher magnification reveals that these defects protrude from the edge, and they might be swarf that adhered to the tool and later reattached itself to the workpiece.
A measurement of the bottom of the pocket was made with the SWLI instrument. The bottom surface was very smooth with an average roughness (R a ) of 0.3 nm, and the flatness of the pocket was within 1.5 µm over the 500 µm length. The non-flatness is most likely due to the compliance of the nanopositioning stage. Figure 9 illustrates these results with an optical image, contour plot of the surface, and a flatness profile along the length of the pocket.
The wear of the PCD tool due to machining the ULE glass was monitored with 3D SWLI measurements of the circular surface on the end of the tool. A best-fit flat surface was removed from the measurements, and then a low-pass filter with a cutoff wavelength of 10 µm was applied. The filter removes surface roughness (wavelengths shorter than 10 µm) and leaves only the form (wavelengths longer than 10 µm) of the surface. Any wear of the tool should change the form, which can be detected after successive milling operations. Figure 10 shows the form of the tool's circular surface after each of the ten pockets milled in ULE glass. The blue and dark red regions indicate the valleys and peaks, respectively. Each contour plot was rotated to a similar orientation so that the repeatability of the pattern is discernable. Very little change in the form is observed between pockets 1 and 7; in fact, the forms after pockets 1 and 6 are nearly identical. A significant change in the form appears between pockets 7 and 8 and remains for pockets 9 and 10. This sudden change in form was also accompanied by a jump in the peak-to-valley height, which increased from around 1.6 µm to about 2.4 µm. This suggests that glass swarf adhered to the tool, thereby increasing the height of the peaks.
Conclusion
This paper demonstrates that micro tools made from polycrystalline diamond can be shaped by µEDM and effectively used to micro machine glass in a ductile mode. The PCD tools were shaped in three steps: wire-EDM to produce ∅ 1 mm cylindrical tools, WEDG to reduce the size to ∅ 50 µm, and µEDM with a block electrode to improve the geometric accuracy of the cutting surface. The flexibility of this three-step process enables a variety of tool shapes and sizes that can subsequently be used to mill grooves and pockets.
PCD tools with conical tips were used to micro machine grooves in soda-lime glass and pockets in ultra-low expansion glass. In cases where the depth of cut was too large, brittle fractures around the edges of the grooves or pockets were observed. In cases where the depth of cut was below the brittle-to-ductile transition, brittle fractures were not apparent and ductile cutting marks were clearly evident on the machined surfaces. Metrology of a pocket milled in ULE showed that surface finishes can have average roughness of around 0.3 nm. Furthermore, the wear rate of the PCD micro tool is much lower than that of other processes, especially µEDM. These results suggest that micro machining with PCD tools might be useful for fabricating tooling for micro molding, micro fluidic channels, or patterns in glass/quartz substrates for lab-on-chip devices or biomedical arrays.
